Human metapneumovirus (HMPV) is a major etiologic agent of respiratory disease worldwide. HMPV reinfections are common in healthy adults and children, suggesting that the protective immune response to HMPV is incomplete and short-lived. We used gene-deletion viruses to evaluate the role of the attachment G and small hydrophobic SH glycoproteins on virus uptake by primary human monocyte-derived dendritic cells (MDDC) in vitro and on subsequent MDDC maturation and activation of autologous T cells. HMPV with deletion of G and SH (⌬SHG) exhibited increased infectivity but had little effect on MDDC maturation. However, MDDC stimulated with ⌬SHG induced increased proliferation of autologous Th1-polarized CD4 ؉ T cells. This effect was independent of virus replication. Increased T cell proliferation was strictly dependent on contact between virus-stimulated MDDC and CD4 ؉ T cells. Confocal microscopy revealed that deletion of SH and G was associated with an increased number of immunological synapses between memory CD4
H
uman metapneumovirus (HMPV) was first reported in 2001 (1) and is now recognized as a major etiologic agent for respiratory disease, especially in very young, elderly, and immunocompromised individuals (2) (3) (4) . Five to 15% of hospitalizations of young children for respiratory tract disease are due to an HMPV infection, with children under 2 years of age being most at risk for severe HMPV disease (3, 5) . HMPV reinfections are common in healthy adults and children (6) (7) (8) (9) , suggesting that the protective immune response to HMPV is incomplete and short-lived.
HMPV is a nonsegmented negative-strand RNA virus of the Paramyxoviridae family, genus Metapneumovirus, subfamily Pneumovirinae (10) . HMPV encodes three glycoproteins, the fusion protein F, the attachment glycoprotein G, and the small hydrophobic protein SH. Recombinant HMPV with deletions of the G gene (⌬G), the SH gene (⌬SH), or both (⌬SHG) retains the ability to replicate efficiently in epithelial cell lines, indicating that these proteins are not essential for replication in vitro (11) . Moreover, the ⌬G, ⌬SH, and ⌬SHG deletion mutants are competent for replication in the upper and lower respiratory tract of hamsters, although replication of ⌬G and ⌬SHG was reduced to some extent (11) . Studies in African green monkeys revealed that the ⌬G mutant was strongly restricted in the upper and lower respiratory tract, whereas the absence of SH had no effect on replication (12) . The ⌬G, ⌬SH, and ⌬SHG mutants were immunogenic and protective against wild-type (WT) HMPV challenge in hamsters (⌬G, ⌬SH, and ⌬SHG) or African green monkeys (⌬G and ⌬SH), suggesting that these gene deletions may be useful for developing live-attenuated vaccine candidates (11, 12) .
Dendritic cells (DC) are an important link between the innate and the adaptive immune response. Immature DC can reside in peripheral tissue or in lymphatic tissue, where exposure to mi-crobes or inflammatory molecules initiates a maturation process of phenotypic and functional changes. These include an increased expression of surface markers that are correlates of DC maturation and T cell stimulatory capability, including CD38, CD83, CD80, and CD86 (13, 14) . Maturing DC also secrete an array of chemokines, cytokines, and interferons involved in innate immunity and T cell activation. They also downregulate CCR1, CCR2, and CCR5 and upregulate CCR7, resulting in migration to the T cell zone of lymphatic tissue, where the DC interact by direct contact through the immunological synapse (IS) with naive and/or antigen-specific memory T lymphocytes to initiate an adaptive immune response. Naive CD4 ϩ T cells can differentiate into helper (Th) subsets with distinct functions and effects on the adaptive immune response (reviewed in references 15 to 17). During reinfections with respiratory viruses, CD4
ϩ T cell proliferation originates largely from antigen-specific memory CD4
ϩ Th1 cells that persist from previous infection(s) and are reactivated by antigen-presenting DC (18) (19) (20) .
DC generated from primary human monocytes by treatment in vitro with interleukin-4 (IL-4) and granulocyte-macrophage colony-stimulating factor (GM-CSF; monocyte-derived DC [MDDC] ) represent an appropriate model for lung DC because monocytes give rise to myeloid DC in the resting lung (21) and mucosa (22) and because MDDC are phenotypically and functionally similar to DC located at sites of inflammation in vivo (23, 24) . In the present study, we evaluated in vitro the ability of recombinant HMPV lacking SH, G, or both SH and G to infect and induce maturation of human MDDC and evaluated the ability of the virus-exposed MDDC to mediate T cell activation, differentiation, and proliferation. We found that the HMPV G and SH proteins reduce the infectivity of HMPV for MDDC but that the presence of SH and G has little effect on MDDC upregulation of activation markers and HMPV-induced cytokine release of MDDC. However, we found that MDDC stimulation with HMPV lacking both SH and G induced a significantly stronger CD4 ϩ T cell proliferation and activation than did stimulation with WT HMPV. This effect was observed with both live and UV-inactivated virus, suggesting that it was independent of virus replication. This effect occurs as early as the formation of the immunological synapse (IS) between DC and T cells. Using a panel of inhibitors and time course experiments, we found that ⌬SHG is internalized more efficiently than is WT virus through a macropinocytosis-like pathway. Altogether, our results showed that SH and G glycoproteins reduce the internalization of HMPV by DC by a macropinocytosis-like pathway, resulting in a reduced ability of the HMPV-stimulated DC to activate CD4 ϩ T cells.
MATERIALS AND METHODS

Ethics statement. Elutriated monocytes and autologous CD4
ϩ T lymphocytes were obtained from healthy donors at the Department of Transfusion Medicine of the National Institutes of Health, under a protocol (99-CC-0168) approved by the Institutional Review Board (IRB) of the Clinical Center, NIH. Written informed consent was obtained from all donors.
Virus stock preparation. We previously described the construction of recombinant WT HMPV strain CAN97-83 (WT) and of the ⌬SH, ⌬G, and ⌬SHG derivatives (11, 25) . Each of these viruses expresses enhanced green fluorescent protein (GFP) from an added gene in the promoterproximal position. In addition, the SH gene (present only in the WT and ⌬G viruses) was previously modified so that tracts of A and T residues that had been sites of spontaneous mutations during passage in vitro had been removed by translationally silent modifications (26) . Apart from the absence of the deleted protein(s), the virions produced by the gene-deletion mutants in Vero cells were similar in protein yield, gel electrophoretic protein profile, and genome-to-PFU ratios (as determined by reverse transcription-quantitative PCR [RT-qPCR]) to WT HMPV, suggesting comparable ratios of defective virus particles between the virus preparations (11, 26 ; also data not shown). All viruses were grown on Vero cells, using low multiplicity of infection (MOI) ranges of 0.001 to 0.02, in the presence of 5 g of trypsin per ml and purified by centrifugation through sucrose step gradients as described previously (27) . Sucrose-purified viruses were pelleted by centrifugation to remove sucrose. Virus pellets were resuspended in Advanced RMPI 1640 (Life Technologies, Carlsbad, CA) supplemented with 2 mM L-glutamine, and aliquots were snap-frozen and stored at Ϫ80°C until use. Virus titers were determined by immunoplaque assay on Vero cells under a methylcellulose overlay containing trypsin as described previously (27) . UV-inactivated viruses were prepared using a Stratalinker UV cross-linker (Agilent, Santa Clara, CA) at 0.5 J/cm 2 . Complete inactivation was confirmed by plaque assay. We confirmed by deep sequencing that defective interfering particles were absent in pneumovirus stocks prepared on Vero cells using a low MOI range of 0.001 to 0.02.
Generation of immature MDDC and purification of autologous CD4
؉ T cells. Elutriated monocytes and autologous CD4 ϩ T lymphocytes were obtained from healthy adult donors at the National Institutes of Health Clinical Center Blood Bank (clinical protocol number 99-CC-0168). As described previously, monocytes were subjected to CD14 ϩ positive sorting on an AutoMACS separator (Miltenyi Biotec, Auburn CA), and were cultured in the presence of recombinant human IL-4 (R&D Systems, Minneapolis, MN) and recombinant human GM-CSF (Bayer Healthcare, Wayne, NJ) for 7 days to generate immature MDDC (27) . Elutriated T lymphocytes were further purified over Ficoll (lymphocyte separation medium; Cellgro, Manassas, VA) followed by treatments with ACK lysing buffer (Lonza, Walkersville, MD) to remove remaining erythrocytes. T lymphocytes were frozen at Ϫ80°C. Prior to use, the cells were thawed and incubated overnight at 37°C. CD4 ϩ T cells were subjected to positive sorting on an AutoMACS separator using magnetic microbeads coated with a CD4-specific monoclonal antibody (MAb) (Miltenyi Biotec). The purity of the CD4 ϩ T lymphocytes based on the cell surface expression of CD3 and CD4 proteins was confirmed by flow cytometry to be Ն96%.
Stimulation of immature MDDC. For the analysis of MDDC infection and maturation, and for CD4 ϩ T cell proliferation assays, immature MDDC were seeded in 12-well plates at 6 ϫ 10 5 cells per well. Cells were mock stimulated (medium only) or stimulated with live virus at an input MOI of 1 or 3 PFU/cell (unless otherwise stated), or with an equivalent amount of UV-inactivated virus. In parallel, immature MDDC were stimulated with 1 g/ml of lipopolysaccharide (LPS) from Escherichia coli O55:B5 (Sigma, St. Louis, MO) as a positive control for MDDC maturation or incubated with 1 g/ml of the superantigen Staphylococcus enterotoxin B (SEB; Sigma), a strong inducer of T cell proliferation. MDDC stimulations were performed in Advanced RMPI 1640 supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 200 U/ml penicillin, and 200 g/ml streptomycin (complete medium) at 37°C in 5% CO 2 .
Analysis of MDDC infection rate and maturation marker expression by flow cytometry. MDDC were stimulated with virus as described above and 40 h later were carefully harvested and pelleted by centrifugation at 300 ϫ g for 5 min. After centrifugation, MDDC were resuspended in cold washing solution (phosphate-buffered saline [PBS] [Life Technologies] with 2% heat-inactivated FBS and 2 mM EDTA [Quality Biological, Gaithersburg, MD]). Cells were stained with phycoerythrin (PE)-or allophycocyanin (APC)-labeled anti-human CD38, CD54, CD80, CD83, and CD86 monoclonal antibodies (MAbs; BD Biosciences, Palo Alto, CA) (27) on ice for 20 min in the dark. Isotype-matched MAbs served as negative controls and were included in all experiments. After incubation, cells were washed 3 times with cold washing solution and resuspended in 200 l of cold washing solution. Ten microliters of 200-g/ml propidium iodide (PI) solution (Sigma) was added to discriminate between live (PI-negative) and dead (PI-positive) cells. Data were acquired using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA). Cell debris and dead cells were excluded, and the expression of each maturation marker was analyzed individually (CD38, CD83, CD40, and CD54) or in combination (CD80 and CD86) using FlowJo software (Tree Star, Ashland, OR).
Measurement of cytokine production by MDDC. MDDC culture supernatants were collected at various time points (3, 14, 22 , and/or 40 h) poststimulation and clarified by centrifugation at 300 ϫ g for 5 min. Clarified supernatants were stored at Ϫ80°C in the presence of a protease inhibitor cocktail (Roche Applied Science, Indianapolis, MN) until analyzed. Enzyme-linked immunosorbent assay (ELISA) kits were used to assess the concentration of alpha interferon (IFN-␣) (human alpha interferon multisubtype ELISA kit; PBL Biomedical Laboratories, Piscataway, NJ) and IFN-␤ (Life Technologies) according to the manufacturer's instructions. All other cytokines-IL-1␤, IL-2, IL-1ra, IL-4, IL-5, epidermal growth factor (EGF), IL-6, IL-7, transforming growth factor ␣ (TGF-␣), CX3CL1 (Fractalkine), CXCL8 (IL-8), IL-10, IL-12(p70), IL-13, IL-15, IL-17, IL-1␣, IFN-␥, granulocyte colony-stimulating factor (G-CSF), GM-CSF, tumor necrosis factor alpha (TNF-␣), CCL11 (Eotaxin), CCL2 (MCP1), CCL3 (MIP1␣), CCL4 (MIP1␤), CCL5 (RANTES), and VEGF-were detected with a Luminex multiplex bead assay (Linco Research, St. Charles, MO) according to the manufacturer's instructions.
Coculture of stimulated MDDC with autologous CD4 ؉ T cells, CD4
؉ T cell proliferation assay, and CD4 ؉ T cell intracellular cytokine staining. Immature MDDC were labeled with the far-red cell tracer 7-hydroxy-9H-(1,3-dichloro-9,9-dimethylacridin-2-one) (DDAO; Life Technologies) according to the manufacturer's instructions prior to virus or SEB stimulation. Four hours after stimulation, MDDC were extensively washed with medium and the absence of remaining infectious virus particles in the suspensions of virus-stimulated MDDC was confirmed by plaque assay as described above. In some experiments, immature DDAOlabeled MDDC were incubated for 1 h at 37°C with 5% CO 2 with 5 M macropinocytosis inhibitor rottlerin or 20 g/ml anti-DC-SIGN antibody before being stimulated with 1 g/ml SEB or the indicated virus at an MOI of 1 or 3 PFU/cell (as indicated in the figure legends).
Autologous purified CD4 ϩ T cells were labeled with the cell tracer carboxyfluorescein succinimidyl ester (CFSE, 1 M; Life Technologies) as described previously (28) . Labeled stimulated or mock-treated MDDC were cocultured with CFSE-labeled CD4
ϩ T lymphocytes at a ratio of 1 MDDC per 10 T lymphocytes for 1 to 7 days at 37°C in 5% CO 2 . In some experiments, MDDC-T cell cocultures were stimulated 4 h prior to harvesting with phorbol myristate acetate (PMA), ionomycin, and brefeldin A for intracellular cytokine staining as described previously (28) . Cells were harvested and stained with blue fixable live/dead stain (Life Technologies) for 30 min at 4°C. Cells were fixed and permeabilized using the BD Perm/Wash buffer kit (BD Biosciences) and stained for 30 min at 4°C using a mix of anti-human MAbs including, depending on the experiment, MAbs for CD3, IFN-␥, IL-2, IL-4, IL-10, and TNF-␣ (labeled with APC-Cy7, PE-Cy7, PE, and APC [BD Biosciences] or QDot605 [Life Technologies]). Optimal concentrations of MAbs were previously determined by titration. T cells were analyzed by flow cytometry as described previously (28) . One hundred thousand events gated on live CD3 ϩ cells were acquired using an LSRII flow cytometer (BD Biosciences). Singlecolor antibody capture beads for each antibody (BD Biosciences) were used to determine compensation, and fluorescence minus one controls were included to aid gating. Using FlowJo software, gating was performed to discriminate live, single, CD3 ϩ cells; T cell proliferation was quantified by measuring the dilution of CFSE that occurs with cell division (29) (30) (31) ; and IFN-␥, IL-2, IL-4, IL-10, and TNF-␣ expression was quantified as described previously (28) .
Transwell cocultures. Contributions of cell contact and soluble factors to CD4 ϩ T cell proliferation were evaluated using transwell culture dishes with an 0.4-m pore size (Costar, Cambridge, MA) to allow diffusion of soluble factors but to prevent physical contact between the cells in the top and the bottom chambers. DDAO-labeled immature MDDC were seeded in 12-well plates at 6 ϫ 10 5 cells per well and were mock stimulated or stimulated for 4 h with UV-WT or UV-⌬SHG at an equivalent input MOI of 3 PFU/cell or incubated with 1 g/ml of the superantigen SEB. After stimulation, MDDC were extensively washed with complete medium. Transwell cultures were then set up in which CFSE-labeled autologous CD4 ϩ T cells (1 ϫ 10 6 cells; ratio, 1 MDDC to 10 CD4 ϩ T cells) were placed in the bottom chamber and stimulated MDDC (1 ϫ 10 5 cells) were placed in the top and/or bottom chambers, as indicated. After 7 days, the top chambers were discarded, cells in the bottom chambers were collected, and CD4 ϩ T cell proliferation was analyzed by flow cytometry. Confocal analysis of the immunological synapse. Polarization of CD3, a marker for the immunological synapse (IS) present at the contact zone between virus-stimulated MDDC and autologous CD4 ϩ T cells, was evaluated by confocal microscopy. Immature MDDC were labeled with CFSE for 10 min at 37°C, quenched, extensively washed, and stimulated for 4 h with UV-WT HMPV or UV-⌬SHG at an equivalent MOI of 3 PFU/cell. Autologous CD4 ϩ T cells were subjected to negative selection to deplete naive cells using a primary cocktail of antibodies against CD8, CD14, CD16, CD19, CD36, CD56, CD123, T cell receptor ␥/␦ (TCR␥/␦), and glycophorin A conjugated to biotin and secondary anti-biotin antibody-conjugated magnetic microbeads. This was done to increase the concentration of memory T cells and thus increase the likelihood of detecting rare HMPV-specific MDDC-T cell contacts. The purity of the memory CD4 ϩ T cells, based on surface expression of CD3, CD4, CD45RA, and/or CD45RO, was confirmed by flow cytometry to be Ն96%. CFSE-stained virus-stimulated MDDC were seeded onto poly-Llysine-treated coverslips for 15 min at 37°C with 5% CO 2 . Then, memory CD4 ϩ T cells were added to the adherent MDDC (ratio, 1 MDDC to 10 memory CD4 ϩ T cells). After 1 h of incubation, cocultures were fixed with 4% paraformaldehyde. Fixed cells were stained for CD3 (UCHT1; Millipore, Bedford, MA) under nonpermeabilizing conditions, followed by Alexa Fluor 568-conjugated goat anti-mouse secondary antibodies (Life Technologies). Nuclei were labeled by 4=,6-diamidino-2-phenylindole (DAPI).
Samples were analyzed in a blinded fashion. DC-T cell conjugates from 100 different fields were scored by confocal microscopy using a Leica DMI6000b microscope (63ϫ objective). For each potential synapse detected (central clustering associated with a compensatory decrease in CD3 fluorescence in closely adjacent CD3-depleted membrane areas), the microscope was adjusted to give an additional ϫ7 magnification and a Z series of optical sections were performed at 0.3 m. Three-dimensional reconstruction of each potential synapse was performed using Imaris 7.3.0 (Bitplane, South Windsor, CT) to quantify the mean CD3 fluorescence intensity at the contact zone and on the remaining surface of the cell. An IS was defined as the clustering of labeled CD3 at the contact zone at a mean fluorescence intensity greater than 2-fold above the CD3 mean fluorescence intensity on the remaining surface of the cell (32, 33) . The contact zones that fulfilled these criteria were considered to represent ISs.
Infection study of HMPV and ⌬SHG in the presence of inhibitors. The mechanism of entry of HMPV WT and ⌬SHG into MDDC was investigated using a panel of inhibitors and antibodies. All inhibitors were purchased from Sigma-Aldrich and used at concentrations previously described for such studies (34) (35) (36) (37) (38) (39) . Anti-DC-SIGN monoclonal antibody (AZN-D1) and its corresponding mouse isotype control were purchased from Beckman Coulter (Indianapolis, IN) and used at concentrations previously described for such studies (40) . Immature MDDC were seeded in 24-well plates at 1.5 ϫ 10 5 cells per well. Cells were pretreated with inhibitor or antibody at the indicated concentration for 1 h at 37°C with 5% CO 2 before being infected in the presence of inhibitor or antibody at an MOI of 3 PFU/cell with GFP expressing HMPV or ⌬SHG. Diluent of the inhibitors was used in some experiments to confirm the absence of side effects. Twenty-four hours postinfection (p.i.), MDDC were harvested and pelleted by centrifugation at 300 ϫ g for 5 min. Data were acquired using a FACSCalibur flow cytometer. Cell debris and dead cells were excluded using PI staining as described above. Each of the treated MDDC samples had a viability rate of at least 70%, which compares favorably with the viability rate of 70 to 80% that was typical for MDDC cultured over a similar period of time in the absence of drugs and antibodies. This showed that the various drugs and antibodies used in this study had little or no effect on viability under these conditions. The percentage of GFP-positive MDDC was evaluated, and data were normalized as a percentage of the untreated control.
In some experiments, we used one or more entry-tracking molecules to confirm the specificity of the inhibitors EGTA, cytochalasin D (Cyt D), mannan, and rottlerin. The tracking molecules were lucifer yellow (LY; Sigma-Aldrich), which is internalized by fluid-phase endocytosis; transferrin (Tf; Alexa Fluor 647 labeled; Molecular Probes), which is internalized by receptor-mediated endocytosis; and dextran (Dex; fluorescein isothiocyanate labeled; Sigma-Aldrich), which is mainly internalized by the mannose receptor-dependent pathway. MDDC were pretreated with the indicated concentration of inhibitor as described above. Then, cells were incubated in medium containing 200 g/ml LY, 5 g/ml Tf, or 1 mg/ml Dex. After 15 min (LY and Tf) or 30 min (Dex) of incubation at 37°C, MDDC were placed on ice to halt endocytosis, washed three times with ice-cold PBS, and analyzed by flow cytometry. Data were acquired using an LSRII flow cytometer. Cell debris and dead cells were excluded using PI staining as described above. The median fluorescence intensity (MFI) of the sample minus the background MFI (mock cells) was expressed as a percentage of the no-drug control MFI.
Statistical analysis. Data sets were assessed for significance using parametric one-way repeated-measure analysis of variance (ANOVA) with the Tukey or Bonferroni post hoc tests or t test for normally distributed data sets or the nonparametric Friedman test with Dunn's post hoc test for nonnormal data sets. A log 10 transformation was applied to data sets when necessary to obtain equal standard deviations among groups, a necessary requirement of both tests. Statistical analyses were performed using Prism 5 (GraphPad Software, San Diego, CA). Data were considered significant only at a P value of Ͻ0.05.
RESULTS
Effects of HMPV G and SH proteins on the infection rate and maturation of human MDDC.
We investigated the effects of HMPV SH and G on human MDDC infection, maturation, and autologous T cell activation in vitro. To do so, we used recombinant WT HMPV or ⌬G, ⌬SH, or ⌬SHG gene-deletion mutants that expressed enhanced GFP from a separate, added gene placed in the promoter-proximal position. All of the viruses had been completely sequenced and confirmed to be identical apart from the gene deletions. Previous studies showed that the HMPV G protein inhibits innate immune responses in epithelial cells by inhibiting RIG-I-dependent gene expression and in MDDC by inhibiting Toll-like receptor 4 (TLR4)-dependent signaling (41, 42) . In addition, the HMPV SH protein has been implicated in reducing the activation of NF-B in epithelial cells (43) . As a benchmark, we evaluated the effects of the gene deletions on the type I IFN response in the human airway epithelial A549 cell line infected at a high MOI (data not shown). This showed that deletion of G resulted in a 2-to 3-fold increase in the secretion of IFN-␣ and -␤, whereas deletion of SH did not increase IFN secretion. None of the deletions individually or in combination had a noticeable effect on the efficiency of infection of A549 cells, which ranged from 70 to 90%, depending on the experiment (not shown).
Next, we evaluated infection of MDDC with WT HMPV and ⌬SHG at an MOI of 3 PFU/cell. Twenty-four or 40 h later, flow cytometry was used to evaluate the percentage of cells with robust GFP expression as a marker for infected cells with substantial viral gene expression (Fig. 1 ). For WT virus, the median percentages of GFP ϩ MDDC were 4% and 8.6% at 24 and 40 h p.i., respectively ( Fig. 1A and B), consistent with our previous results (27) . Deletion of either the G or SH protein alone did not significantly affect the percentage of GFP ϩ MDDC (median % GFP ϩ cells ϭ 8.9 and 9.0%, respectively, at 40 h p.i.; data not shown), while deletion of both SH and G resulted in a significant increase in the percentage of GFP ϩ MDDC at 24 h p.i. (median of 12% GFP ϩ cells, P Ͻ 0.001) compared with WT HMPV.
We also evaluated, as an indicator of viral gene expression, the intensity of GFP expression by the GFP ϩ subpopulation ( expression of type 1 IFN, since an increase in the IFN-induced antiviral state would be anticipated to reduce viral gene expression. However, in MDDC, deletion of the G gene was associated with only a slight and nonsignificant increase in IFN production compared to WT virus (n ϭ 4 different donors; Fig. 2A ). It also is formally possible that ⌬SHG is less efficient at gene expression for some other reason (although a previous examination by Northern blotting assays of RNA from epithelial cells did not suggest that [11] ).
We next analyzed the level of expression of the maturation markers CD38, CD54, CD80, CD83, and CD86 in MDDC at 40 h poststimulation (Fig. 2B) . As previously described (27) , stimulation with UV-inactivated WT (UV-WT) HMPV did not induce appreciable changes in the expression of MDDC maturation markers compared to mock-treated cells. Stimulation with live WT HMPV resulted in a low level of induction and cell surface expression of maturation markers, as previously described (28, 44) , and this was not significantly changed by deletion of the G and/or SH gene, showing that the G and SH proteins did not detectably influence MDDC maturation (Fig. 2B) . Expression of TNF-␣, CCL4, and CCL5 by HMPV-stimulated MDDC was not affected by deletion of G and/or SH (Fig. 2D) . We also compared the effects of HMPV, UV-WT, ⌬SHG, and UV-⌬SHG on MDDC maturation by qRT-PCR using a gene card containing 62 human genes related to DC maturation. As shown previously (27) , HMPV and UV-WT had very little effect on expression of maturation-related genes and were very poorly stimulatory for DC maturation; we also found that UV-WT and UV-⌬SHG were indistinguishable (n ϭ 4 different donors; data not shown). Thus, the HMPV SH and G proteins appeared to have a limited impact on MDDC maturation and cytokine release in response to stimulation with live or inactivated virus.
The HMPV G and SH proteins reduce CD4 ؉ T cell proliferation. We next evaluated the effect of the G and SH proteins on the ability of HMPV to induce proliferation of autologous CD4 ϩ T cells. The CD4 ϩ T cells were prelabeled with CFSE, and cell division was monitored by dilution of the CFSE dye visualized by flow cytometry. Figure 3A presents results from a single representative donor, and Fig. 3B summarizes results from multiple donors (n ϭ 8 donors). As expected, mock-stimulated MDDC did not induce detectable proliferation (median, 0.7% of proliferated cells). MDDC stimulated at an MOI of 1 PFU/cell with live WT HMPV induced stronger proliferation than did MDDC stimulated with UV-inactivated HMPV (median, 6.6% and 1.5%, respectively, although this difference was not statistically significant; P Ͼ 0.05).
Surprisingly, live ⌬SHG induced a significant increase in CD4 ϩ T cell proliferation (median of 22.8%) compared to WT HMPV (6.6%; P Ͻ 0.01). UV-⌬SHG also induced a substantial and significant increase in CD4 ϩ T cell proliferation (median of 27.2%) compared to UV-WT HMPV (median of 1.5%; P Ͻ 0.001) (Fig. 3B) . Comparable results were obtained using an MOI of 3 PFU/cell (n ϭ 9 different donors; data not shown). We note that the individual donors appeared to segregate into high-response and low-response groups based on the magnitude of T cell proliferation, as we also have noted previously (28) .
We also tested HMPV with deletions of SH and G alone. In experiments using cells from five to six different donors stimulated with virus at an MOI of 3 PFU/cell, live ⌬SH or ⌬G induced a similar level of CD4 ϩ T cell proliferation as did live WT HMPV.
In the context of UV-inactivated viruses, UV-⌬SH or UV-⌬G induced a slightly stronger CD4 ϩ T cell proliferation than did UV-WT HMPV, although the difference was not significant (data not shown). These results show that the deletion of both SH and G proteins is required to allow for increased proliferation in response to HMPV. This establishes a role for these proteins in inhibiting CD4 ϩ T cell proliferation. Increased proliferation in response to ⌬SHG was observed not only with live virus but also with UV-inactivated virus.
We investigated whether this inhibitory effect of SH and G was evident throughout the MDDC/CD4 ϩ T cell coculture period of 7 days. We used UV-inactivated virus because of the absence of confounding effects of the cytokine response induced by virus replication. In coculture experiments with cells from three different donors (two donors using an MOI of 1 PFU/cell and one donor using an MOI of 3 PFU/cell), we observed that the greater level of T cell proliferation associated with UV-⌬SHG than with UV-WT HMPV was evident on day 4, the earliest time of reliable detection of proliferation, and on all subsequent days (results not shown). Using cells from 5 additional donors and using an MOI of 3 PFU/cell, we confirmed that the difference on day 4 was statistically significant (P Ͻ 0.05; results not shown). This suggests that the inhibitory effects of G and SH on CD4 ϩ T cell proliferation occur early in the coculture.
The SH and G proteins reduce the number of Th1 polarized CD4 ؉ T cells. We also measured the expression of IFN-␥ (Th1 cytokine), IL-4 (Th2 cytokine), IL-10 (immunosuppressive cytokine), TNF-␣ (proinflammatory cytokine), and IL-2 (a marker of T cell proliferation) by proliferated CD4 ϩ T cells in MDDC-CD4 ϩ T cell cocultures. These experiments were done with live and UVinactivated WT HMPV and ⌬SHG, and cytokine expression was measured by polychromatic flow cytometry. The strategy for gating and Boolean analysis was performed as described previously (28) . In experiments employing cells from nine different donors, we found only minimal numbers of IL-4-producing cells at any time point (not shown), and in a pilot experiment with cells from one donor, we detected only minimal numbers of IL-10-producing cells. This indicated that HMPV induced a Th1 response and no significant Th2 response, consistent with our previous observations (28) . Therefore, we focused on the Th1 response, and on the production of the two Th1 cytokines IFN-␥ and TNF-␣, as well as IL-2 from six donors. We first analyzed the kinetics of cytokine expression by proliferated CD4 ϩ T cells from days 1 to 7, using cells from a single donor (Fig. 4A) . In cocultures where MDDC were stimulated with live or UV-inactivated WT or ⌬SHG viruses, the number of cells expressing IFN-␥, TNF-␣, and/or IL-2 increased over time; by day 7, MDDC stimulated with live or UV ⌬SHG induced at least 2-fold more CD4 ϩ T cells that were single positive, double positive, or triple positive for T cell cytokines than did MDDC stimulated with live or UV-WT HMPV (Fig. 4A) . Comparable results were obtained in an additional experiment using cells from another donor.
We also analyzed cytokine expression in CD4 ϩ T cells on day 7, the day of maximum proliferation, in cocultures using cells from six different donors with stimulation of MDDC by live or UVinactivated WT HMPV or ⌬SHG (proliferation data at day 7 for these cultures are shown in Fig. 3B ). The percentages of cytokineproducing cells were only significantly different between UV-WT and UV-⌬SHG for the expression of IFN-␥/TNF-␣ ϩ cells (P Ͻ However, when we analyzed the number of cytokine-expressing cells, both live and UV-⌬SHG induced significantly higher numbers of single-positive, double-positive, and triple-positive CD4 ϩ T cells than did live and UV-WT HMPV, respectively ( Fig.  4B and C) . These results show that the increased CD4 ϩ T cell proliferation induced by HMPV with deletion of the G and SH proteins results in an increased number of Th1-polarized CD4 ϩ T cells. This suggests that HMPV G and SH have the effect of limiting the proliferative Th1 T cell response to HMPV.
The lower level of CD4
؉ T cell proliferation associated with G and SH depends on contact between virus-stimulated MDDC and CD4
؉ T cells. The absence of differences in the expression of maturation markers and cytokine genes by MDDC following stimulation with UV-WT or UV-⌬SHG suggested that the restricted CD4 ϩ T cell proliferation associated with UV-⌬SHG might depend on the contact between the virus-stimulated MDDC and CD4
ϩ T cells. We tested this hypothesis using a transwell system. Immature MDDC were labeled with DDAO and mock stimulated or stimulated for 4 h with UV-WT or UV-⌬SHG at an equivalent input MOI of 3 PFU/cell or incubated with the superantigen SEB. Four hours after stimulation, MDDC were extensively washed with complete medium. Transwell cultures were set up in which CFSE-labeled autologous CD4
ϩ T cells were placed in the bottom compartment of each culture, and MDDC stimulated as described above were placed in the top and/or bottom compartments to evaluate possible effects of direct contact versus soluble factors. The top and bottom compartments were separated by a membrane with a pore size of 0.4 m, which would prevent physical contact between cells in each compartment but allow passage of soluble factors. Seven days after incubation, the top chambers were removed and cells in the bottom chambers were collected and analyzed by flow cytometry to evaluate CD4 ϩ T cell proliferation. Figure 5 shows results of one representative experiment, using cells from one donor (the experiment was performed two more times, each with cells from additional donors, and each with comparable results). As expected, CD4 ϩ T cells alone (Fig. 5 , culture 1) or cocultured with mock-stimulated MDDC (culture 2) did not proliferate, whereas SEB-treated MDDC placed with the T cells in the bottom compartment induced strong CD4 ϩ T cell proliferation (culture 3). In addition, MDDC stimulated with UV-⌬SHG, placed in the bottom compartment with the T cells (culture 5), induced a stronger proliferation of CD4 ϩ T cells than did MDDC stimulated with UV-WT HMPV (culture 4), as observed in previous experiments in this study. Addition of SEB to the top chamber induced a strong proliferative response by CD4 ϩ T cells cocultured in the bottom well with mock-stimulated MDDC (culture 6). This showed that the transwell membrane was permeable to SEB superantigen. In contrast, addition to the top chamber of MDDC stimulated with UV-WT (culture 7) or UV-⌬SHG (culture 8) did not induce any proliferative response of CD4 ϩ T cells cocultured with mock-stimulated MDDC in the bottom chamber. This confirmed that direct contact between virus-stimulated MDDC and T cells rather than soluble factors was required to induce CD4 ϩ T cell proliferation and that there was no significant antigen diffusion from the virus-stimulated MDDC in the top chambers to the bottom chambers. The addition of mock-stimulated MDDC to the top chamber did not affect proliferation of CD4 ϩ T cells cocultured in the bottom chamber with MDDC stimulated with UV-WT (culture 9) or UV-⌬SHG (culture 10). The presence in the top chamber of MDDC stimulated with UV-⌬SHG did not increase the proliferation of CD4 ϩ T cells cocultured in the bottom chamber with MDDC stimulated with UV-WT HMPV (culture 11). This showed that UV-⌬SHG-stimulated MDDC did not release soluble factors capable of increasing T cell proliferation in response to MDDC stimulated with UV-WT HMPV. Conversely, the presence in the top chamber of MDDC stimulated with UV-WT HMPV did not reduce the proliferation of CD4 ϩ T cells cocultured in the bottom chamber with MDDC stimulated with UV-⌬SHG (culture 12). This showed that MDDC stimulated with UV-WT HMPV did not release soluble factors capable of inhibiting T cell proliferation in response to MDDC stimulated with UV-⌬SHG. Taken together, these results show that the lower level of CD4 ϩ T cell proliferation associated with UV-WT HMPV than with UV-⌬SHG depends strictly on contact between the virus-stimulated MDDC and CD4 ϩ T cells, consistent with a direct inhibitory effect of the SH and G proteins present on virus-exposed MDDC.
MDDC stimulated with UV-⌬SHG establish more conjugates with CD4
؉ T cells than do MDDC stimulated with UV-WT HMPV. We next compared the abilities of MDDC stimulated with UV-WT or with UV-⌬SHG to establish conjugates with CD4 ϩ T cells, as characterized by the formation of an IS, which is the primary step to initiate T cell proliferation. MDDC were labeled with CFSE, stimulated with UV-WT or UV-⌬SHG at an equivalent MOI of 3 PFU/cell for 4 h, and cocultured on coverslips with autologous CD4
ϩ T cells for 1 h. The CD4 ϩ T cells had been depleted of naive T cells in order to increase the abundance of HMPV-specific memory T cells (Materials and Methods). After 1 h of incubation, the cocultures were fixed and stained for CD3, and the nuclei were stained with DAPI. The slides were examined by fluorescence confocal microscopy in a blinded fashion in order to detect ISs. For this analysis, an IS was defined as the clustering of labeled CD3 at a point of contact between an MDDC (labeled with CFSE) and a CD4 ϩ T cell, with a mean fluorescence intensity greater than 2-fold above the CD3 mean fluorescence intensity on the remaining surface of the cell. In an activated CD4 ϩ T cell, the clustering of CD3 at the contact zone is associated with a compensatory decrease in CD3 fluorescence in surrounding areas. The contact zones that fulfilled these criteria were considered to represent ISs. Cells from two donors were used, and 100 fields were analyzed for each virus per donor. Figure 6A shows a typical MDDC-CD4 ϩ T cell contact without polarization of CD3, representing a contact that did not result in a detectable IS, as a negative example. Figure 6B shows two examples of MDDC-CD4 ϩ T cell contacts in which CD3 polarization was evident (arrows), indicative of the formation of ISs (MDDC are stained green; CD3 is red; nuclei are dark blue). Movies S1 and S2 in the supplemental material show the three-dimensional (3D) reconstruction and modeling of typical MDDC-CD4 ϩ T cell contacts without and with CD3 polarization, respectively. The data are summarized in Fig. 6C . As expected, due to the low frequency of HMPV-specific CD4 ϩ T cells, the number of ISs detected in cells from the two different donors was low. With MDDC stimulated with UV-WT HMPV, a single IS involving contact between ϩ T cells (green) were placed in the bottom chamber of each culture. Various combinations of stimulated MDDC were placed in the top and/or bottom compartments as shown and as described in the text, and one culture (culture 6) was prepared with soluble SEB in the top compartment. Seven days after incubation, the top chambers were discarded and cells in the bottom chambers were collected and analyzed by flow cytometry to evaluate CD4 ϩ T cell proliferation, expressed as percentage of live cells (percentage is noted below the gated proliferated population). The results are for one representative donor of three.
one CD4
ϩ T cell and one MDDC was detected for each donor. With MDDC stimulated with UV-⌬SHG, five ISs were observed for each donor: three each involved contact between one CD4 ϩ T cell and one MDDC, and two involved separate contacts between one CD4
ϩ T cell and two MDDC (open circles in Fig. 6C for each donor). The MFI for CD3 was measured for the contact zone and the surrounding membrane region (y axis in Fig. 6C) , showing the increase in fluorescence associated with the contact zone. The intensities of the ISs were substantially greater with UV-⌬SHG than with UV-WT HMPV. Taken together, these data show that the ISs formed with MDDC stimulated with UV-⌬SHG compared to those formed with MDDC stimulated with UV-WT HMPV were more frequent and had a greater clustering of CD3.
HMPV is internalized into DC through an endocytic pathway that is more efficient when SH and G are deleted. As noted, deletion of SH and G was associated with an increase in the ability of HMPV to infect MDDC, as measured by GFP expression as a surrogate for viral gene expression (Fig. 1A) , and also was associated with an increase in CD4 ϩ T cell activation mediated by MDDC stimulated with either live or UV-inactivated virus (Fig.  3) . Thus, SH and G had comparable inhibitory effects on the pathway leading to robust infection and on the pathway leading to antigen presentation. This suggested that SH and G inhibited virus uptake and internalization, since this step is common to the two pathways.
To compare uptake in the presence and in the absence of SH and G, immature MDDC were inoculated with UV-WT or UV-⌬SHG and, at different times during the next 4 h, aliquots of cells were taken, extensively washed to remove unbound virus particles, and cocultured with CD4 ϩ T cells. T cell proliferation was evaluated at day 7. Figure 7A shows results of one experiment, using cells from one donor (the experiment was performed one additional time, with cells from another donor, and with comparable results). We found that for UV-⌬SHG, an exposure time of MDDC to virus of 2 h was sufficient for MDDC to induce maximum proliferation, whereas for UV-WT and MDDC, 4 h of virus exposure did not stimulate the MDDC sufficiently to induce maximum T cell proliferation. When the MDDC were not washed to remove virus prior to cocultivation, the WT-stimulated MDDC became as efficient as those stimulated with ⌬SHG (not shown). This indicated that the presence of SH and G was associated with a reduced rate of uptake of HMPV.
Next, we investigated whether HMPV uptake by MDDC involved endocytosis (which can include receptor-mediated endocytosis, phagocytosis, or macropinocytosis) as opposed to cell surface fusion mediated by the HMPV F protein. First, we investigated calcium dependency, which is a hallmark of endocytosis in general, and also is required for binding by C-type lectin receptors (CLRs). Immature MDDC representing 6 different donors were preincubated for 1 h with different concentrations of the calcium chelator EGTA, infected with GFP-expressing HMPV WT or ⌬SHG, and analyzed for GFP expression at 24 h p.i. (Fig. 7B and C) . GFP expression of MDDC infected with HMPV WT or ⌬SHG was almost completely abrogated in the presence of 10 mM EGTA (88.3% Ϯ 5.5% and 87.6% Ϯ 4.2% reduction of GFP expression, respectively, compared to untreated cells), indicating that calcium-dependent endocytosis was essential for WT and ⌬SHG entry into MDDC. As an additional control, we showed that treatment of MDDC with EGTA did not inhibit the uptake of the tracking molecule LY (Materials and Methods; also Fig. 7F ), which has been previously shown to be calcium independent (45) .
We also evaluated the dependency for actin polymerization, another hallmark of endocytosis, using the inhibitor cytochalasin D (Cyt D) or latruculin A (Lat A) ( Fig. 7D and E ; n ϭ 6 donors). As a control, we confirmed that the concentrations of Cyt D that we used inhibited the uptake of LY, confirming the effect of the drug (Fig. 7F) . Each inhibitor significantly inhibited GFP expression. For example, addition of 20 M Cyt D resulted in a reduction of GFP expression by 67.7% Ϯ 7.1% or 96.9% Ϯ 3.1% in MDDC infected with WT or ⌬SHG, respectively. Addition of 10 M Lat A resulted in a reduction of GFP expression of 75.8% Ϯ 2.9% or 88.5% Ϯ 3.8% in MDDC infected with WT or ⌬SHG, respectively. Interestingly, MDDC infection with ⌬SHG appeared to be more sensitive to the higher concentrations of Cyt D (2 ⌴ and 20
FIG 7 HMPV WT and ⌬SHG enter MDDC by endocytosis. (A) Effect of contact time between virus and MDDC on CD4
ϩ T cell proliferation. DDAO-labeled immature MDDC derived from one donor were inoculated with the equivalent of 3 PFU/cell of UV-WT or UV-⌬SHG. Aliquots of MDDC were removed at 5, 30, 120, or 240 min postinoculation; extensively washed to remove unbound virus particles; cocultured with autologous CD4 ϩ T cells for 7 days; and analyzed for T cell proliferation. (B to F) Effect of calcium depletion (B, C, and F) and inhibition of actin polymerization (D, E, and F) on the internalization of live HMPV WT and ⌬SHG or the entry-tracking dye LY (Materials and Methods). LY was used as a control to confirm the effectiveness of the actin polymerase inhibitors in blocking LY uptake and the lack of nonspecific inhibition of calcium depletion on LY uptake. Immature MDDC were pretreated with the indicated concentration of EGTA (B, C, and F), CytD (D and F), or LatA (E) for 1 h at 37°C and then infected with 3 PFU/cell of HMPV WT or ⌬SHG expressing GFP or 200 g/ml of LY. Twenty-four hours postinfection, the percentage of GFP-positive MDDC was quantified by flow cytometry. LY uptake was performed for 15 min (see Materials and Methods for details). Panel B is a dot plot of data from a typical donor, showing GFP expression versus forward scatter (FSC; a measure of cell size) for live MDDC. The population of GFP-positive cells is boxed, and its percentage is indicated. In panels C to F, data are normalized as a percentage of the untreated control from n ϭ 6 and 3 different donors for the viruses and the LY, respectively. Each histogram shows the mean with the standard error. The statistical significance of the difference between nontreated (NT) WT or ⌬SHG and its corresponding treated samples is indicated by an asterisk (*, P Յ 0.05; **, P Յ 0.01; ***, P Յ 0.001).
M, P Ͻ 0.01 and P Ͻ 0.001, respectively) or Lat A (10 ⌴, P Ͻ 0.01) than did infection with WT, suggesting a greater dependency on actin polymerization for ⌬SHG entry. Altogether, these results provided evidence that HMPV WT and ⌬SHG enter MDDC via an active endocytic mechanism and that this is more efficient with ⌬SHG than with WT.
G and SH proteins mediate internalization of HMPV WT through DC-SIGN and dynamin-dependent pathways. The marked calcium dependence observed for entry, as noted above, raised the possibility of CLR involvement. CLRs are pattern recognition molecules that bind carbohydrate using highly conserved recognition domains. For example, DC-SIGN is a CLR that is highly expressed on MDDC (46) . We therefore evaluated the effects of the pan-CLR inhibitor mannan as well as the well-characterized DC-SIGN-specific blocking monoclonal antibody (MAb) AZN-D1 (Fig. 8A and B) on HMPV infection using live WT and ⌬SHG viruses expressing GFP. As a control, 20 mg/ml of mannan did not affect LY and Tf uptake whereas Dex uptake was efficiently inhibited (60% inhibition, Fig. 8D ; Materials and Methods), consistent with expectations. These results showed that the concentrations of mannan that we used specifically inhibit the mannose receptor-dependent pathway.
The percentage of MDDC infected with HMPV WT was partially reduced in a dose-dependent manner by mannan (55.5% Ϯ 8.2% reduction at the 20-mg/ml concentration, n ϭ 6 donors, P Յ 0.001) or AZN-D1 (47.7% Ϯ 6.1% reduction at the 20-g/ml concentration, n ϭ 5 donors, P Յ 0.001), suggesting that a CLR, and specifically DC-SIGN, is involved in HMPV uptake into MDDC. Interestingly, the ⌬SHG virus was insensitive to these CLR-specific agents (no statistical difference with untreated cells and P Ͻ 0.05 compared to WT at all tested concentrations). This suggests that SH and/or G is necessary for uptake of HMPV by DC-SIGN.
Antigen that is bound by DC-SIGN is internalized by clathrindependent endocytosis (47) . The large GTPase dynamin II is required for clathrin-dependent endocytosis (as well as caveolindependent endocytosis and phagocytosis), where it functions to pinch off endocytic vesicles from the plasma membrane. We therefore investigated the effects of the dynamin inhibitor Dynasore on live HMPV infection. GFP expression in MDDC infected with WT was partially inhibited in a dose-dependent manner by Dynasore (33.3% Ϯ 5.9% reduction at 50 M, n ϭ 7 donors, P Յ 0.001), whereas at this concentration, ⌬SHG was insensitive to this inhibitor (no statistical difference with untreated cells but P Ͻ 0.001 and P Ͻ 0.01 compared to WT at the 100 M and 50 M concentrations, respectively) (Fig. 8C) .
The conclusion that WT HMPV, but not ⌬SHG, interacted with DC-SIGN raised the formal possibility that this interaction might inhibit DC function and thus might account for the reduced T cell activation observed with DC stimulated with WT HMPV compared to that stimulated with ⌬SHG. To evaluate this, we blockaded DC-SIGN by incubation of DC with MAb AZN-D1 prior to exposure to WT HMPV or ⌬SHG (n ϭ 1; data not shown). However, this treatment did not increase the ability of HMPV WT-stimulated DC to stimulate T cell proliferation, and thus, there was no evidence of DC-SIGN-mediated inhibition.
Taken together, these results indicate that WT HMPV can be taken up by MDDC by receptor-mediated endocytosis involving DC-SIGN. However, this was dependent on the presence of SH and/or G and was not operative for ⌬SHG. The efficient uptake of ⌬SHG, together with the incomplete effects of the inhibitors on WT HMPV, indicated that another entry mechanism must exist.
Macropinocytosis is the main entry pathway for HMPV WT and ⌬SHG. The sensitivity of ⌬SHG to EGTA, Cyt D, and Lat A noted above indicated that this alternative entry mechanism presumably involves endocytosis. However, the insensitivity of ⌬SHG to Dynasore noted above indicated that caveolin-mediated endocytosis and phagocytosis are not involved, since these pathways depend on dynamin (48) . Macropinocytosis has been found to be involved in the uptake of an increasingly wide array of viruses. Therefore, we investigated its possible involvement using three well-known inhibitors of macropinocytosis: rottlerin, 5-(Nethyl-N-isopropyl)amiloride (EIPA), and dimethyl amiloride (DMA) (Fig. 9) . Amilorides inhibit the Na ϩ /H ϩ ion exchange pump in the plasma membrane affecting the intracellular pH, resulting in the cessation of macropinocytosis. The precise mechanism of macropinocytosis inhibition by rottlerin is still unknown, but rottlerin was recently shown to be more specific than EIPA or DMA in blocking macropinocytosis in DC (34) . We confirmed the specificity of rottlerin in inhibiting macropinocytosis under by flow cytometry. Immature MDDC were pretreated with the indicated concentrations of macropinocytosis inhibitors rottlerin and amiloride EIPA or DMA, the PI3K inhibitor wortmannin, or the protein kinase C (PKC) inhibitor GF109203X for 1 h at 37°C and then infected at an MOI of 3 PFU/cell with GFP-expressing HMPV WT or ⌬SHG. Twenty-four hours postinfection, the percentage of GFP-positive MDDC under each condition was evaluated. In parallel, the effectiveness and lack of nonspecific effects of rottlerin were confirmed by demonstrating its ability to inhibit the uptake of LY, which is dependent on macropinocytosis, and its marginal effects on the uptake of Tf and Dex, which are taken up by other pathways (see Materials and Methods for details). (A to E and G) Data were normalized as a percentage of the untreated control from n ϭ 6 (A to E) or 3 (G) different donors. Each histogram shows the mean with the standard error. The statistical significance of the difference between nontreated (NT) WT or ⌬SHG and its corresponding treated samples is indicated by an asterisk (*, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001). (F) Immature DDAO-labeled MDDC were incubated for 1 h with 5 M rottlerin before being stimulated with an MOI of 1 PFU/cell with the indicated live virus or with an equivalent amount of UV-inactivated virus or 1 g/ml SEB. SEB treatment was used as a control to show that rottlerin did not have nonspecific inhibitory effects on the coculture system. Four hours later, MDDC were washed to remove noninternalized virus and cocultured with CFSE-labeled autologous CD4
ϩ T lymphocytes at a ratio of 1 MDDC for 10 CD4 ϩ T cells. CD4 ϩ T cell proliferation was measured after 7 days of coculture by flow cytometry to detect CFSE dilution indicative of cell division. Data were normalized as a percentage of the untreated control from n ϭ 3 different donors. Each histogram shows the mean with the standard error.
our experimental conditions by showing that it inhibits the uptake of LY but not Tr or Dex (Fig. 9G) .
GFP expression of MDDC infected with WT was significantly reduced by 90.4% Ϯ 5.0% with 5 M rottlerin and by 35.5% Ϯ 10.3% with 20 M DMA. GFP expression of MDDC infected with ⌬SHG was significantly reduced by 88.0% Ϯ 2.4% with 5 M rottlerin and by 49.3% Ϯ 22.3% with 50 M EIPA (Fig. 9A, B , and C).
In many cell types, macropinocytosis is also dependent on several kinases, including phosphatidylinositol 3-kinase (PI3K) and protein kinase C (PKC), which are involved in signaling pathways that promote membrane ruffling and macropinosome formation. However, PKC is not critical for macropinocytosis in DC (34) . We found that the percentage of GFP-expressing MDDC infected with WT or ⌬SHG was significantly reduced in the presence of 10 M wortmannin, an inhibitor of PI3K (99.1% Ϯ 0.2% and 99.8% Ϯ 0.2%, respectively), but not in the presence of GF109203X, an inhibitor of PKC ( Fig. 9D and E) . Interestingly, ⌬SHG infection of MDDC was more sensitive to PI3K inhibition than was infection by WT, as the percentage of GFP-expressing MDDC infected with ⌬SHG was significantly reduced at the concentration of 1 M (P Յ 0.05), whereas GFP expression of MDDC infected with WT HMPV was not.
Finally, we investigated whether inhibition of MDDC macropinocytosis by treatment with rottlerin, and the resulting inhibition of uptake of WT and ⌬SHG HMPV, indeed resulted in reduced CD4
ϩ T cell proliferation. To do so, MDDC were stimulated with UV-inactivated or live WT or ⌬SHG HMPV, or SEB, in the presence of 5 M rottlerin as described above, before being cocultured with autologous CD4 ϩ T lymphocytes. CD4 ϩ T cell proliferation and cytokine production were evaluated at day 7, as described above. This showed that CD4 ϩ T cell proliferation indeed was strongly inhibited by rottlerin treatment for both WT and ⌬SHG (reductions of 89.6% Ϯ 0.4% and 73.1% Ϯ 17.1%, respectively; n ϭ 3 donors). As a consequence of the reduction of the proliferation, the number of cytokine-expressing T cells also was reduced (data not shown). This confirmed that uptake of HMPV via macropinocytosis is necessary for MDDC to be able to efficiently stimulate memory CD4 ϩ T cells and that reduced uptake resulted in reduced proliferation. In contrast, rottlerin did not affect CD4 ϩ proliferation mediated by SEB-treated MDDC (Fig. 9F) , showing that the drug did not have nonspecific inhibitory effects on the coculture system.
DISCUSSION
A decade after it was first described, HMPV is widely recognized as an important etiologic agent of respiratory disease. There is no vaccine or specific antiviral therapy for HMPV. Similar to respiratory syncytial virus, HMPV can reinfect symptomatically throughout life without significant antigenic change (6) (7) (8) (9) . This may reflect virus-mediated inhibition of host immune responses. DC maturation and T cell activation are critical steps in the adaptive immune response. In the present study, we evaluated the effects of the HMPV attachment G and small hydrophobic SH glycoproteins on infection and maturation of primary human MDDC and autologous CD4 ϩ T cell activation. We found that the G and SH proteins are not essential for HMPV to infect human MDDC, and indeed, the absence of both proteins resulted in a significant, 3-fold increase in infectivity measured 24 h postinfection. However, even in the absence of SH and G, the infectivity of HMPV for MDDC was nearly 10-fold less than that for epithelial cells. We previously noted this low infectivity and suggested that this may be one means by which HMPV reduces its immunologic impact, since efficient infection of professional antigen-presenting cells would provide for greater immune stimulation. In epithelial cell-like cell lines, deletion of SH and/or G has little effect on HMPV replication in vitro (11) . In vivo, deletion of G results in a substantial restriction in replication in hamsters and an even greater restriction in African green monkeys, whereas deletion of SH had little or no effect (11, 12) .
We previously reported that HMPV induces a low level of maturation of immature MDDC compared to the positive-control LPS, which induces strong DC maturation (27) . This low level of maturation was not significantly changed by the deletion of the SH or G proteins, suggesting that SH and G do not have a regulatory or inhibitory effect on maturation or cytokine production by MDDC. There were two marginal exceptions to this general observation. First, HMPV lacking G, SH, or both G and SH proteins induced a slight (but not significant) increase in type I IFN production by MDDC compared to WT HMPV. These results are consistent with previously published data showing that HMPV G inhibits cytokine release in human MDDC (41) and that both G and SH proteins inhibit the activation of transcription factors belonging to NF-b in a human lung epithelial cell line (A549 cell line) (42, 43) . Our results suggest that the inhibition of type I IFN release by the HMPV G protein is more modest in human MDDC than in epithelial cells, possibly due to the low infectivity of HMPV for MDDC. In addition, deletion of G or both SH and G induced a significant increase in the expression of CD38 on the subset of virus-exposed MDDC that were GFP ϩ (e.g., those cells that were robustly infected [ Fig. 2C] ). CD38 is involved in DC migration, survival, and Th1 polarization of interacting T cells (13) , which suggests an inhibitory effect of G on these factors. The increase in CD38 expression associated with deletion of G might be directly related to the slight increase in type I IFN expression, since type I IFN induces expression of CD38 but not of CD40, CD54, CD80, CD83, and CD86 (49) . In any event, deletion of SH and G had little effect on MDDC maturation.
We next evaluated the effect of deleting the HMPV G and/or SH protein on the activation of autologous CD4 ϩ T cells. Surprisingly, MDDC stimulated with HMPV lacking both G and SH proteins significantly increased proliferation of autologous CD4 ϩ T cells compared to MDDC stimulated with WT HMPV. This increase was observed with both live and UV-inactivated ⌬SH/G virus, showing that this effect was independent of virus replication.
In the absence of virus replication (i.e., with UV-inactivated preparations), the deletion of either the G or the SH protein alone resulted in a modest increase in the ability of stimulated MDDC to direct CD4 ϩ T cell proliferation (data not shown), while the deletion of both had an effect that was greater than the sum of the individual effects. Thus, both proteins contribute to limit the CD4 ϩ T cell proliferation. This is somewhat comparable to the effects observed with measles virus (MeV) glycoproteins F and HA, which were shown to inhibit T cell proliferation. Similar to the HMPV glycoproteins, both MeV glycoproteins appear to be involved in this inhibition, as the removal of either one of these proteins abolished inhibition (50) (51) (52) (53) (54) (55) . However, stimulation of MDDC with increasing concentrations of HMPV, containing increased amounts of HMPV SH and G proteins, resulted in increas-ing CD4
ϩ T cell proliferation (data not shown), whereas for MeV, increasing concentrations of F and HA proteins resulted in an increased inhibition of T cell proliferation (50, 53) . This suggests that the HMPV G and SH proteins are not as effective in inhibiting the CD4 ϩ T cell proliferation as are the measles virus F and HA proteins.
Transwell experiments showed that the ability of the G and SH proteins to reduce CD4 ϩ T cell proliferation strictly depended on contact between the virus-stimulated MDDC and the CD4 ϩ T cells. Direct visualization of contacts between virus-stimulated MDDC and memory CD4 ϩ T cells showed that the contacts involving WT HMPV-stimulated MDDC compared to those involving ⌬SHG-stimulated MDDC were fewer.
Deletion of SH and G was associated with (i) increased infectivity in MDDC by live HMPV and (ii) increased CD4 ϩ T cell activation in response to MDDC stimulated with live or UV-inactivated HMPV. These observations suggested that SH and G inhibited a common step in the pathway to infectivity and the pathway to MDDC-mediated activation of T cells. A likely step was virus uptake and internalization. A time course experiment indicated that, in addition to decreasing the efficiency of infectivity, SH and G were associated with a reduced rate of internalization. Studies with inhibitors indicated that uptake of WT and ⌬SHG HMPV was mediated by endocytosis rather than surface fusion. WT HMPV appeared to be taken up by two different pathways. One pathway was receptor-mediated, clathrin-dependent endocytosis that involved DC-SIGN and required SH and/or G (and thus did not operate for ⌬SHG). However, this appeared to account for only part of the uptake. A second pathway, which appeared to be more important, was found to involve macropinocytosis. Macropinocytosis is a constitutive property of immature DC that is primarily responsible for nonspecific uptake of fluid, solutes, membrane, ligands, and small particles attached to the plasma membrane. It is becoming increasingly recognized as a pathway for viral uptake and entry. Macropinocytosis is a ligandinduced process and requires the interaction between the virus and the cell surface, which can involve multiple different types of contacts: some providing anchoring to the membrane, others needed for activation of receptors. It has been shown that some viruses bind to heparan sulfate proteoglycans and other glycans or integrins that end up influencing actin dynamics and inducing macropinocytosis (see review in reference 56).
Although HMPV WT could be taken up by two pathways, namely, DC-SIGN-mediated endocytosis and macropinocytosis, whereas ⌬SHG could be taken up only by the latter pathway, uptake of ⌬SHG was significantly more efficient than that of HMPV WT. This implies that macropinocytosis was more efficient in the absence of SH and G. This is consistent with the time course experiment noted above, in which uptake of HMPV WT was much slower than that of ⌬SHG. Thus, we conclude that macropinocytosis is the major uptake pathway for WT HMPV (and the only pathway for ⌬SHG) and that SH and G reduce the efficiency of macropinocytosis. Our conclusions on viral uptake are offered with the caveat that we did not directly visualize uptake but rather measured the expression of GFP as a marker. However, we believe that GFP expression is a reasonable marker because HMPV is a relatively simple cytoplasmic virus that bears its own polymerase and has a relatively simple mode of gene expression. Thus, GFP expression is closely related to entry of the viral nucleocapsid across the cellular membrane.
Interestingly, macropinocytosis has also been shown recently to be the main internalization pathway used by respiratory syncytial virus in human tissue culture cells (57) . Examples have been reported in which the glycoproteins of other viruses affect viral internalization. For example, the poxvirus semaphorin A39R protein was shown to inhibit phagocytosis by DC (58) . Conversely, the Ebola virus glycoprotein was shown to stimulate macrophagocytosis to facilitate viral entry (36) . In the present study, we suggest that the HMPV SH and G proteins inhibit macropinocytosis by DC, with the effect of reducing antigen uptake and presentation and reducing T cell activation. This represents a previously unknown mechanism of virus immune evasion. It is possible that deletion of SH and G revealed a domain in F that might, for example, result in increased binding and uptake by DC.
The increased CD4 ϩ T cell proliferation induced by HMPV lacking the G and SH proteins resulted in an increased number of IFN-␥ ϩ , TNF-␣ ϩ , and IL-2 ϩ CD4 ϩ T cells. Thus, by reducing the CD4 ϩ T cell proliferation, the HMPV G and SH proteins restrict the Th1 polarized response. This suggests that in vivo, the HMPV G and SH proteins, by interfering with the internalization of HMPV into DC, would reduce the CD4 ϩ T cell proliferation and Th1 polarized response and thus would reduce and alter the immunological footprint of this virus, limiting the protective immune response. Such effects of these two proteins should be considered in the development of a live-attenuated vaccine for this virus.
